Regulation of μ receptor dynamics such as its trafficking is a possible mechanism underlying opioid tolerance that contributes to inefficient recycling of opioid responses. We aimed to characterize the functional turnover of μ receptors in the noradrenergic nucleus locus coeruleus (LC).
Introduction
Opioids are efficacious analgesics clinically available for pain relief, but their usefulness is limited by the development of tolerance and dependence (Chu et al., 2012) . Most opioids induce their therapeutic effects through activation of Gi/o protein-coupled μ receptors (Williams et al., 2013) . The locus coeruleus (LC), the main noradrenergic nucleus in the brain, has been widely used to explore the cellular mechanisms of opioid tolerance (Nestler and Aghajanian, 1997; Santamarta et al., 2005; Llorente et al., 2012) . As such, it mostly expresses postsynaptic μ receptors (Williams and North, 1984; Van Bockstaele et al., 1996) , through which opioids inhibit firing activity (Andrade et al., 1983; Williams and North, 1984) . Chronic morphine administration induces tolerance to the electrophysiological effects of opioids in the LC (Santamarta et al., 2005) . Tolerance evolves from acute opioid desensitization (Dang and Williams, 2004) , which is triggered by a strong μ receptor activation and the subsequent receptor phosphorylation, internalization and trafficking (Morgan and Christie, 2011; Williams et al., 2013) . Desensitization without endocytosis has been also proposed for certain opioid agonists (Arttamangkul et al., 2006; 2008; Williams et al., 2013) . Different signalling pathways are adapted during opioid tolerance and desensitization in the LC (Arttamangkul et al., 2008; Dang and Christie, 2012) , including the PKA (Nestler and Aghajanian, 1997) , PKC (Bailey et al., 2004) or nitric oxide-ROS/PKG pathways (Santamarta et al., 2005; , Llorente et al., 2012 .
Neuronal ionotropic (e.g. AMPA or GABA A ) receptors on the cell surface are recycled by a constitutive but finely regulated trafficking of receptor-containing vesicles from intracellular endosomal compartments upon traditional exocytosis mechanisms (Lüscher, 2002; Stricker and Huganir, 2002) . Recycling of GPCRs from a reserve endosome may underlie resensitization of previously internalized receptors (Ferguson, 2001; Koch et al., 2005) , although this process has been scarcely examined (Doly and Marullo, 2015) . In the LC, μ receptor trafficking from endosomal compartments is required for recycling and resensitization of previously desensitized opioid responses (Dang and Williams, 2004) . Impairment of μ receptor recycling that hinders opioid resensitization contributes to the development of cellular morphine tolerance in this nucleus (Dang et al., 2011; Williams et al., 2013) . This emerging concept assumes a continuum of μ receptor endocytosis, transport of internalized μ receptors and eventual recycling to the membrane (Law et al., 2000; Tanowitz and von Zastrow, 2003) . Alternatively, agonist-induced μ receptor endocytosis and recycling could occur as two independent processes. The aim of our work was to characterize the recycling mechanisms of functionally active μ receptors. Single-unit extracellular recordings in vitro and immunocytochemical techniques, combined with μ receptor inactivation with β-funaltrexamine (β-FNA) were used to study functional turnover of these receptors. We found that recovery of the opioid effect in LC neurons after μ receptor inactivation was rapid and efficacious, as well as finely regulated by different experimental elements such as the calcium concentration, firing activity, temperature or vesicle trafficking. Immunocytochemistry confirmed these electrophysiological data suggesting a constitutive recycling of μ receptors on the cell surface from a depletable cytoplasmic pool of receptors in LC neurons.
Methods

Animals and ethics statement
Eighty-nine male adult Sprague Dawley rats (200-300 g) were used to perform the experiments, which are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . This animal species has been long used for functional studies on μ receptor pharmacology (Andrade and Aghajanian, 1984; Mendiguren and Pineda, 2007) . For electrophysiological assays, one slice was taken from each animal, and unless stated otherwise, only one neuron was recorded in each slice. The number of experiments in each group was typically five to eight, depending on the level of variability. In order for the use of animals to be minimized, only four complete assays were obtained in those groups in which the efficiency of the technique (i.e. successful recordings) was clearly poorer than the standard, due to the long duration of the assay. Treatments and controls were performed in parallel in a randomized manner. The recording of data could not be blinded to the operator, because electrophysiological outcomes were collected in situ. However, the data analysis performed by the experimenter was confirmed separately by an additional researcher in all cases. Rats were obtained from the animal house of the University of the Basque Country (Leioa, Spain) and housed under standard environmental conditions (22°C, 12:12 h light/dark cycles) with free access to food and water. All the experiments were carried out according to EU Directive 2010/63 on the protection of animals used for scientific purposes and approved by the local Ethical Committee for Research and Teaching of the University of the Basque Country (UPV/EHU, Spain) and the Department of Sustainability and Natural Environment of Provincial Council from Bizkaia (ref. CEEA M20-2015-152/170) . All the efforts were made to minimize animal suffering and to reduce the number of animals used.
Brain slice preparation
Animals were anaesthetized with chloral hydrate (400 mg·kg À1 , i.p.) and decapitated (Mendiguren and Pineda, 2007) . The brain was rapidly extracted, and a block of tissue containing the brainstem was immersed in ice-cold modified artificial CSF (aCSF) where NaCl was equiosmolarly substituted for sucrose to improve neuronal viability. Coronal slices of 500-600 μm thickness containing the LC were cut using a vibratome (FHC Inc., Brunswick, GA, USA). The tissue was allowed to recover from the slicing for 90 min and placed in a modified Haas-type interface chamber maintained at 33 ± 1°C and continuously perfused with aCSF saturated with 95% O 2 /5% CO 2 (pH = 7.34) at a flow rate of 1.5 mL·min À1 . The aCSF contained (in mM) NaCl 126, KCl 3, NaH 2 PO 4 1.25, D-glucose 10, NaHCO 3 25, CaCl 2 2 and MgSO 4 2. Calcium substitution in low-calcium aCSF was performed by replacing 90% of the CaCl 2 equiosmolarly with MgSO 4 . The LC was identified visually in the rostral pons as a dark oval area on the lateral borders of the central grey and the fourth ventricle, at or just anterior to the genu of the facial nerve.
Electrophysiological recordings
Single-unit extracellular recordings of LC cells were made as previously described (Mendiguren and Pineda, 2004; 2007) . The recording electrode consisted of an Omegadot glass micropipette pulled (Sutter Instruments, Novato, CA, USA) and filled with 50 mM NaCl, with the tip broken back to a size of 2-5 μm (3-5 MΩ). The extracellular signal from the electrode was passed through a high-input impedance amplifier (Axoclamp 2B; Molecular devices, Union City, CA, USA) and monitored on an audio amplifier and an oscilloscope (Aumon 14; Cibertec S.A., Madrid, Spain). Individual neuronal spikes were isolated from the background noise with a window discriminator (PDV 225; Cibertec S.A.). The firing rate (FR) was continuously recorded and analysed before, during and after experimental manipulations by a PC-based custom-made programme, which generated consecutive 10 s bin histograms of the cumulative number of spikes (HFCP®; Cibertec S.A.). Noradrenergic cells in the LC were identified by their spontaneous and regular discharge activities, their slow FRs and the long-lasting and positive-negative waveforms (Andrade and Aghajanian, 1984) .
Pharmacological procedures and functional μ receptor turnover
Functional turnover of μ receptor-mediated effects in the LC was evaluated using the method of Mauger et al. (1982) , which analysed the recovery of the effect mediated by newly appeared μ receptors after inactivation of the total receptor pool. Thus, the recovery of opioid effect was measured before (control effect), immediately after complete μ receptor inactivation with the irreversible alkylating blocker β-FNA (300-800 nM, 30 min) (i.e. t 30 = 0) (Williams and North, 1984) and, then, every 15 min over a period of 300 min (i.e. t 30 = 15-300) ( Figure 1A ). Opioid effect was evaluated by a high concentration of the agonist [Met]enkephalin (ME, 3.2 μM, 1 min), which has been previously shown to induce a maximal inhibitory effect (Williams and North, 1984; Santamarta et al., 2005) . In order for the functional turnover of μ receptors to be compared with that of another Gi/o-coupled receptor (the α 2 -adrenoceptor), the inhibitory effect of noradrenaline (NA, 100 μM, 1 min) was tested before (control effect) and, every 15 min, after complete receptor inactivation with the irreversible antagonist EEDQ (10 μM, 30 min) (Adler et al., 1985) ( Figure 1B) . In some assays, functional μ receptor turnover was further characterized by quantifying the recovery of opioid effect 120 min after 15, 30, 45 or 60 min of β-FNA administration (i.e. t 15, 30, 45, 60 = 120) ( Figure 1C) . Moreover, the recovery of opioid effect was also evaluated 120 min after completion of a second 15 min perfusion with β-FNA following the recovery of the first pre-application (i.e. t 15(1) = 120 and t 15(2) = 120) ( Figure 1D ). The possible mechanisms underlying μ receptor turnover were explored by perfusion with a low-calcium (0.2 mM) aCSF (to block calcium-dependent mechanisms), administration of the α 2 -adrenoceptor agonist NA (100 μM) (to inhibit LC cell firing-dependent mechanisms), lowering the temperature of the chamber to 22°C
(to evaluate vesicle movement mechanisms) or administration of the protein transport inhibitor brefeldin A (10 μM) (to test vesicle trafficking mechanisms; Law et al., 2000) ( Figure 1E ). In these assays, the aCSF and temperature manipulations were applied during the period of functional recovery after β-FNA application, but regular conditions were restored 3-5 min before testing the ME effect (45 min).
Immunocytochemistry and confocal laser scanning microscopy
Midbrain slices containing the LC were taken from the recording chamber at three time points: immediately after β-FNA perfusion for 15 min (t 15 = 0), 45 min after completion of β-FNA perfusion for 15 min (t 15 = 45) and immediately after β-FNA perfusion for 60 min (t 60 = 0). Slices removed from the chamber after perfusion of aCSF without β-FNA treatment were used as baseline controls. All slices were immersionfixed overnight in phosphate-buffered (0. All images displayed were acquired with identical laser intensity and detector gain parameters. Digital photomicrographs were acquired sequentially to avoid overlapping of fluorescent emission spectra. Micrograph analyses were carried out with ImageJ software (National Institutes of Health, Bethesda, MD, USA). The average fluorescent background subtracted from the total intensity of the entire frame and the green μ receptor-immunoreactivity channel and the TH/μ receptor overlay were both assigned a white colour value in order to visualize membrane-associated and cytoplasmic μ receptor collectives.
Analysis and statistics of electrophysiological data
The data and statistical analysis were carried out with the computer programme GraphPad Prism (version 5.0 for Windows; GraphPad Software, Inc., San Diego, CA, USA) and comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . The inhibitory effects of the agonists tested (ME and NA) were normalized to the initial FRs in each cell as follows: Scheme summarizing the experimental design for functional characterization of μ receptor (MOR) turnover. (A) Functional turnover of μ receptor -mediated effect was evaluated by analysing the recovery of ME (3.2 μM, 1 min) effect after complete inactivation of μ receptors with the irreversible alkylating blocker β-FNA (300-800 nM, 30 min); opioid effect recovery was measured before (control effect), immediately after inactivation (t 30 = 0) and, then, every 15 min over a period of 300 min (t 30 = 15-300). (B) For the μ receptor turnover to be compared with that of α 2 -adrenoceptors, NA (100 μM, 1 min) effect was tested before (control effect), immediately after complete receptor inactivation with the irreversible antagonist EEDQ (10 μM, 30 min) (t 30 = 0) and, then, every 15 min over 300 min after inactivation (t 30 = 15-300).
(C) Functional μ receptor turnover was further characterized by evaluating the recovery of ME (3.2 μM, 1 min) effect for 120 min after complete μ receptor inactivation with 15, 30, 45 or 60 min of β-FNA administration (t 15, 30, 45, 60 = 0-120). (D) The recovery of ME (3.2 μM, 1 min) effect was also evaluated for 120 min after completion of a second 15 min perfusion with β-FNA following the recovery of the first pre-application (t 15(1) = 0-120 and t 15(2) = 0-120). (E) The possible mechanisms underlying μ receptor turnover were explored by perfusion with a low-calcium (0.2 mM) aCSF (to block LC cell calcium-dependent mechanisms), administration of the α 2 -adrenoceptor agonist NA (100 μM) (to inhibit LC neuron firing-dependent mechanisms), lowering the temperature of the chamber to 22°C (to evaluate vesicle movement mechanisms) or administration of the protein transport inhibitor brefeldin A (10 μM) (to test vesicle trafficking mechanisms); these manipulations were applied during the period of functional recovery after β-FNA application, but regular conditions were restored 3-5 min before testing ME effect (45 min).
recording. Normalization was employed to obtain comparable measures of the effect across groups. Analysis of a 60 s period after administration of the agonist integrates the whole period of inhibition and its recovery, and so it allows us to obtain a good indication of the maximal effect of the agonist and discriminate between different effects even when a complete cessation of the FR is observed (Llorente et al., 2012) .
To calculate the functional turnover of μ receptors, we used the approach proposed by Mauger et al. (1982) , which is based on the recovery of the effect after complete blockade of the receptor with an alkylating drug. This approach assumes that the receptor recovery is the difference between the reappearance rate, which is constant, and the disappearance rate, which is proportional to the total receptors at each time (Mauger et al., 1982) . It provides two advantages over other methodologies: (i) alkylating drugs are more specific for receptors and less toxic for the neuron (as compared with metabolic inhibitors) and (ii) functional techniques are more suitable for evaluating the relevance of receptor turnover (as opposed to binding studies). Herein, after complete μ receptor blockade with β-FNA, the recovery of opioid effect was followed for a 300 min period of β-FNA washout, thereby obtaining the response values to ME (3.2 μM) (E) at each time (t) as stated above. The rate constants of functional reappearance (r 0 ) and functional disappearance (k 0 ) were estimated by nonlinear analysis of the [t, E] pairs to the following exponential function (equation 1): (Mauger et al., 1982; Pineda et al., 1997) . The percentage of maximal functional recovery at steady state (E ss ), which is the response value to ME (3.2 μM) when time tends to infinity, was calculated as r 0 /k 0 . The t 1/2 of functional recovery (t 1/2 0 ) was determined from the expression L n 2/k 0 . To evaluate the parameters defining the turnover of the receptor (μ receptor appearance and μ receptor degradation), we first quantified the percentage of functionally active μ receptors at each β-FNA post-application time (R t ) according to the operational model of Black and Leff (1983) , as follows (equation 2): (Kenakin, 2006; Kelly, 2013) . In the latter function, E t (%) is the experimental effect of ME (3.2 μM; A) at each β-FNA post-application time and K E (%) is the occupancy parameter that reaches a half-maximal effect in the occupancy-effect curve for ME as calculated from the function:
the dissociation constant value for ME obtained from Osborne and Williams (1995) (5.2 μM), and EC 50 and n are the parameter values of the concentration-effect curve for ME obtained from Santamarta et al. (2005) (0.15 μM and 1.15 respectively). Finally, the rate constants of receptor appearance (r) and receptor degradation (k) were estimated by nonlinear analysis of functionally active μ receptors (R t ) at the different post-application times (t) with the following function (equation 4): R t = r/k·(1-e -k·t ) (Mauger et al., 1982) .
In this case, the amount of functionally active μ receptor at the steady state (R ss ) was calculated as r/k, and the receptor t 1/2 was l n 2/k. Data are expressed as the mean ± SEM of n number of rats. Statistical significances were obtained by a two-tailed paired Student's t-test when the FRs or response values were compared before and after test applications within the same cell, and by a two-tailed two-sample Student's t-test when the FRs, response values or turnover parameters were compared between two independent experimental conditions. Response values or basal FRs were statistically compared among more than two experimental conditions by oneway ANOVA followed by post hoc comparisons in pairs with the Bonferroni's multiple comparison test. Post hoc tests were run only if F achieved the necessary level of statistical significance (i.e. P < 0.05) and there was no significant variance inhomogeneity. The threshold of significance was considered as P = 0.05. Only one level of probability (P < 0.05) is reported.
Materials and drugs
For electrophysiological recordings, the following drugs were used (drug source): brefeldin A (Tocris Bioscience, Bristol, UK), EEDQ (Sigma-Aldrich Química S.A., Madrid, Spain), β-FNA hydrochloride (Tocris Bioscience), ME acetate salt (Bachem, Weil am Rhein, Germany) and (À)-NA (+)-bitartrate salt hydrate (Sigma-Aldrich Química S.A.). Stock solutions of brefeldin A and EEDQ were first prepared in pure DMSO and then diluted in aCSF to obtain a final concentration of 0.1% DMSO. It has been previously shown that 0.1% DMSO does not affect LC cell firing responses (Pineda et al., 1996a) . Stock solutions of the rest of the drugs were first prepared in Milli-Q water and then diluted 1000 to 10 000 fold in aCSF to the desired concentration. Final solutions were prepared freshly just before each experiment, and stock solutions were kept at À20°C. For immunocytochemistry, the following compounds were used (drug source): BSA (Sigma-Aldrich Química S.A.), Cy5 650-conjugated donkey anti-rabbit and Dylight 549-conjugated donkey anti-mouse fluorescent antibodies (Jackson ImmunoResearch, Suffolk, UK), mouse anti-TH (Immunostar), Mowiol (Vector Labs, Peterborough, UK) and rabbit anti-μ receptor antiserum (Millipore).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b) .
Results
Kinetic characterization of functional turnover of μ receptors in the LC
To study the kinetics of μ receptor functional turnover, we followed the recovery of ME effect during a 300 min washout period after complete receptor inactivation with a 30 min administration of β-FNA (300 and 800 nM) ( Figure 1A ). Before β-FNA (300 nM), supramaximal concentrations of ME (3.2-12.8 μM, 1 min) inhibited the FR of LC cells by more than 89% (P < 0.05) (Figure 2A ; control in Table 1 ). The effect BJP M C Medrano et al.
of ME (3.2-12.8 μM, 1 min) was almost completely blocked immediately after β-FNA (300 nM, 30 min) (Figure 2A ; see t 30 = 0 in Table 1 for ME 3.2 μM). A higher concentration of β-FNA (800 nM, 30 min) did not further block ME effect immediately after its administration (Figure 2A ; t 30 = 0 in Table 1 ), confirming the near-complete and insurmountable μ receptor inactivation achieved by β-FNA. During the 300 min washout of β-FNA (300 and 800 nM), the inhibitory effect of ME (3.2 μM) gradually recovered (P < 0.05 vs. t 30 = 0), although it did not reach the control effect found before β-FNA (t 30 = 300 in Table 1 , P < 0.05 vs. control; Figure 2B ). The parameters defining functional turnover of opioid response (r 0 , k 0 , t ½ 0 and E ss ) were obtained by analysing the time course for ME effect recovery with the equation 1 (see the Methods section). Thus, the t 1/2 values for opioid response recovery were shorter than 40 min (t 1/2 0 in Table 1 ), whereas the steady-state recoveries of opioid response during the 300 min period were higher than 60% (E ss in Table 1 ), suggesting that μ receptor turnover is a fast and efficient process. Finally, turnover parameters were not different when estimated after both β-FNA (300 or 800 nM) concentrations (Table 1) , which argues against the idea that functional recovery is due to β-FNA dissociation from the receptor during washout.
We estimated the percentage of functionally active receptors after β-FNA (300 and 800 nM) at each washout time point (R t ) by substituting in equation 2 the experimental E values for ME (3.2 μM) (see the Methods section) and the parameters n (1.15 from Santamarta et al., 2005) , K app (5.2 μM from Osborne and Williams, 1995) and K E (2.89% obtained by equation 3 with the EC 50 being 0.15 μM from Santamarta et al., 2005) . Next, we calculated the parameters that define the functional turnover of the receptor (r, k, t 1/2 and R ss ) by analysing the time course for recovery of functionally active receptors (R t ) with equation 4 (see the Methods section). The t 1/2 for receptor recovery obtained after β-FNA (300 nM) was significantly slower (t 1/2 in Table 1 ) than the corresponding t 1/2 for opioid response recovery (t 1/2 0 ). The steady-state recoveries of functionally active receptors (R ss ) after β-FNA (300 and 800 nM) were significantly lower (R ss in Table 1 ) than the corresponding recoveries of opioid response (E ss ). Reappearance rate constants after β-FNA (300 and 800 nM) were also smaller for the receptor recovery (r in Table 1 ) than for opioid response recovery (r 0 ). Parameters of receptor turnover were not significantly different when estimated after both β-FNA (300 or 800 nM) concentrations (Table 1 ). The differences between response and receptor turnover parameters may reflect the presence of a large fraction of μ receptor reserve for ME effect in the LC.
In contrast to the rapid and efficient functional turnover of μ receptors in the LC, the effect mediated by α 2 -adrenoceptors recovered very slowly during the washout of the irreversible receptor blocker EEDQ (10 μM, 30 min) ( Figure 1B) . Thus, immediately after perfusion with EEDQ (10 μM) (t 30 = 0), the inhibitory effect of NA (10 μM, 1 min) was blocked by 93.6 ± 2.1% (n = 5, P < 0.05), whereas after 300 min of EEDQ (10 μM) washout (t 30 = 300), the inhibitory effect of NA (10 μM) only recovered up to 21.0 ± 4.9% (n = 5, P < 0.05 vs. t 30 = 0) ( Figure 2B ). Hence, μ receptor turnover in Figure 2 Effect of the opioid agonist ME before and after administration of the irreversible μ receptor antagonist β-FNA in LC neurons in vitro. (A) Effect of β-FNA (300 and 800 nM, 30 min) on the inhibition induced by supramaximal concentrations of ME (3.2, 6.4 and 12.8 μM, 1 min). Bars represent the mean ± SEM of ME effect before and after β-FNA perfusion expressed as a percentage of the initial FR. Note that the inhibitory effect of all supramaximal ME concentrations is almost completely blocked after application of β-FNA (300 and 800 nM; n = 5). *P < 0.05 compared with the control effect of ME before β-FNA administration (Student's paired t-test). (B) Recovery of ME (3.2 μM, 1 min) and NA (100 μM, 1 min)-induced inhibitory effect following irreversible inactivation of μ receptors or α 2 -adrenoceptors by β-FNA (300 and 800 nM) and EEDQ (10 μM) respectively. Symbols represent the mean ± SEM of the percentage of ME or NA-induced inhibitory effect after β-FNA administration (n = 5 in all experimental groups). The horizontal axis represents the time after the end of β-FNA (300 and 800 nM) or EEDQ (10 μM) application and the vertical axis the inhibitory effect of ME (3.2 μM, 1 min) or NA (100 μM, 1 min) expressed as a percentage of the initial FR. The lines of the figure represent the theoretical curves constructed from the average of the recovery kinetic parameters that were estimated individually by nonlinear regression (Table 1) . Since the recovery of NA-induced inhibitory effect was small, the kinetic parameters could not be calculated. Note that β-FNA (300 and 800 nM) administration markedly blocks the inhibitory effect of ME (at t = 0), but the effect recovers to the same degree with both concentrations of the antagonist. The recovery of NA-induced inhibitory effect (100 μM, 1 min) after perfusion with EEDQ (10 μM) was slower and less efficient.
LC neurons is faster and more efficacious than the turnover of the analogous Gi/o-coupled α 2 -adrenoceptor.
Dependence of μ receptor turnover on constitutive receptor trafficking and a depletable receptor pool in LC neurons
Regardless of the duration of β-FNA pre-administration, analysis of μ receptor turnover should provide equivalent results on the condition that the magnitude of receptor inactivation is constant at the beginning of the assay (Mauger et al., 1982) . To confirm this hypothesis, we compared four duration schedules of β-FNA (300 nM) preexposure (15, 30, 45 and 60 min) and evaluated the degree of ME (3.2 μM, 1 min) effect recovery 120 min after μ receptor inactivation (i.e. t 15, 30, 45, 60 = 120 respectively) (Figure 1  C) . This design was chosen to cover perfusion periods shorter and longer than the estimated t ½ 0 . As expected, ME effect was almost fully blocked immediately after the four β-FNA pre-administrations and no significant difference was found in the amount of this blockade (Figure 3A -C; see t 15-60 = 0 in Table 2 ). In contrast, the recovery of ME effect during the 120 min of β-FNA washout was significantly reduced after longer β-FNA pre-administrations. Thus, ME effect almost fully recovered after 15 min of β-FNA preexposure (Figures 3A,B ; t 15 = 120 in Table 2 ), but it recovered to a progressively lesser degree after 30, 45 or 60 min of β-FNA pre-administrations (Figure 3A ,C; t 30, 45, 60 = 120 in Table 2 ). The parameters defining functional turnover of opioid response (r 0 , k 0 , t ½ 0 and E ss ) were obtained in these groups (t 15-60 = 120) by fitting equation 3 to the experimental ME effect values after β-FNA pre-administrations (see the Methods section). E ss value in the 15 min pre-exposure group (t 15 = 120 in Table 2 ) was close to control (100%), but it was significantly greater than the values in the 30, 45 and 60 min pre-exposure groups (see t 30,45,60 = 120 in Table 2 ), suggesting that the longer the pre-exposure to the blocker, the lesser the recovery of ME effect. Changes in E ss values in these groups were paralleled by reductions in the rate constants of functional reappearance (r 0 ), but not in the rate constants of functional disappearance (k 0 ) ( Table 2) . Taken together, β-FNA pretreatment times longer than the t ½ 0 for μ receptor turnover were followed by slower and less complete opioid response recoveries due to reduced reappearance rates of the effect. These results disagree with the predictions of Mauger et al. (1982) in that functional μ receptor turnover depends on the duration of the β-FNA pretreatment. However, this dependency could be explained by the presence of a constitutive recycling of receptors. To evaluate this hypothesis, we compared the recovery of opioid effect after β-FNA (300 nM, 15 min) pre-administration in a neuron that had already been subjected to a previous test with β-FNA (300 nM, 15 min) and a 120 washout period (i.e. t 15 = 120) ( Figure 1D ). Thus, during the 120 min washout, the ME (3.2 μM, 1 min) effect recovered to a significantly smaller degree after the second β-FNA challenge (26.7 ± 2.8%) than after the first one (77.9 ± 3.6%; n = 5, P < 0.05) ( Figure 4A, B) . The parameters defining functional turnover of opioid response were calculated in these two groups (t 15 = 120) as above. Thus, the E ss obtained after the second pre-administration was significantly smaller (27.1 ± 3.8%) than that after the first one (85.9 ± 9.3%; n = 5; P < 0.05), which indicates that the recovery of ME response from β-FNA blockade was partially lost in those cells that Table 1 Kinetic parameters of functional turnover for the recovery of ME (3.2 μM, 1 min)-induced inhibitory effect after β-FNA (300 and 800 nM, 30 min) administration β-FNA 300 nM (n = 5) β-FNA 800 nM (n = 5) ME effect (%) Control 99.5 ± 0.3 96.2 ± 1.4 t 30 = 0 min 7.8 ± 2.6 7.8 ± 3.0 t 30 = 300 min 69.8 ± 9.6 73.3 ± 9.6
Functional turnover of ME effect r 0 (E max · min À1 ) 2.00 ± 0.13 1.78 ± 0.32 and disappearance rate constants of ME effect, t ½ 0 is the t 1/2 of ME effect, E ss is the maximal recovery of ME effect at steady state, r and k are the reappearance and disappearance rate constants of the receptor, t ½ is the t 1/2 of the receptor and R ss is the maximal recovery of the receptor at steady state. *P < 0.05, when compared with the corresponding parameter values for turnover of ME effect. No significant differences were found between the effects of the two concentrations of β-FNA (300 and 800 nM).
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Figure 3
Recovery of the inhibitory effect of ME (3.2 μM, 1 min) following perfusion with the irreversible μ receptor antagonist β-FNA (300 nM) for different time periods. (A) Symbols represent the mean ± SEM of the percentage of ME-induced inhibitory effect after β-FNA perfusion. The horizontal axis represents the time after the end of antagonist application. The vertical axis indicates the inhibitory effect of ME (3.2 μM, 1 min) expressed as a percentage of the initial FR. The lines represent the theoretical curves constructed from the average of the recovery kinetic parameters that define the functional turnover of μ receptors ( Table 2 ). Note that ME effect after 15 min of β-FNA perfusion (n = 6) at t = 120 min is higher than that obtained after 30 min (n = 8), 45 min (n = 5) or 60 min (n = 5) of β-FNA administration at t = 120 min. (B, C) Representative examples of FR recordings of LC neurons showing the recovery of ME-induced inhibitory effect (3.2 μM, 1 min) after complete inactivation of μ receptors with β-FNA (300 nM, 15 min) (B) and β-FNA (300 nM, 60 min) (C). Vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. Note that the inhibitory effect of ME is almost blocked 15 min after β-FNA administration in both recordings in comparison with the control inhibitory effect. The inhibitory effect of ME completely recovers in the neuron receiving β-FNA (300 nM, 15 min) but not in the neuron perfused with β-FNA (300 nM, 60 min).
μ receptor turnover in rat LC BJP had recovered from a previous μ receptor inactivation. Therefore, μ receptor turnover may depend on a depletable pool of receptors that would allow a continuous recycling of μ receptors to the cell membrane under control conditions.
Molecular mechanisms involved in the functional turnover of μ receptors in the LC
To study the molecular mechanisms of μ receptor turnover, we evaluated the recovery of opioid response after μ receptor inactivation under different experimental conditions that are known to block synaptic trafficking: low calcium (2 mM)-containing aCSF perfusion, neuron activity inhibition (by NA 100 μM), slice temperature lowering (to 22°C) and vesicle trafficking inhibition (by brefeldin A 10 μM). ME effect (3.2 μM, 1 min) was tested before, immediately after μ receptor inactivation with β-FNA (300 nM, 15 min) (t 15 = 0) and following 45 min of β-FNA washout (t 15 = 45) ( Figure 1E ). To remove any interference from acute effects, the slices underwent the experimental manipulations only during the recovery phase from μ receptor inactivation, but not during the testing of ME effect. Immediately after β-FNA administration (t 15 = 0), the basal FRs of LC cells ranged from 0.42 ± 0.08 to 1.07 ± 0.25 Hz and the degree of inhibition of the ME effect varied from 84.9 ± 4.6 to 94.8 ± 2.2% in the different experimental groups (control, basal FR: 0.55 ± 0.09 Hz, blockade of ME effect: 85.3 ± 3.3%). As expected, these values of basal FR and opioid blockade were not significantly different between groups (one-way ANOVA: F 4,22 = 2.64 and F 4,22 = 1.28, respectively; see Figure 5 ). However, in the presence of low calcium-containing aCSF, the recovery of ME effect during the 45 min of β-FNA washout (t 15 = 45) was reduced by 51 ± 17% (n = 6, P < 0.05) with respect to the control (n = 6) ( Figure 5A, B) . Moreover, when neuron firing activity was experimentally inhibited by NA (100 μM) during the β-FNA washout (t 15 = 45), the recovery of ME effect was reduced by 85 ± 12% (n = 6, P < 0.05 vs. control) ( Figure 5A , B). Finally, when the slice temperature was lowered to 22°C or brefeldin A (10 μM) was perfused during the β-FNA washout (t 15 = 45), the recovery of ME effect was reduced by 46 ± 11% (n = 5, P < 0.05 vs. control) and 66 ± 8% (n = 5, P < 0.05 vs. control) respectively ( Figure 5A , B). These manipulations did not modify acute ME effects in slices that had not been pre-exposed to β-FNA (ME effect at t 0 = 45 ranged from 95.5 to 99.7%, n = 5). This indicates that functional turnover of μ receptors, but not ME or β-FNA effects, is attenuated by restraining calcium-dependent mechanisms, neuron activity or vesicle trafficking, which suggests that μ receptor turnover in the LC may depend on the presence of a constitutive trafficking of neuronal receptors.
Immunocytochemistry for confocal laser scanning microscopy
To characterize μ receptor turnover morphologically in LC neurons, we examined, by immunofluorescent labelling combined with confocal laser scanning microscopy, the differential expression of μ receptors in neuronal membranes and the cytoplasm of TH-immunopositive noradrenergic neurons under several experimental conditions: control (before β-FNA perfusion), immediately after β-FNA (300 nM, 15 min) (t 15 = 0), 45 min after β-FNA (300 nM, 15 min) (i.e. after a washout period of 45 min; t 15 = 45) and immediately after β-FNA (300 nM, 60 min) (t 60 = 0). These settings were chosen because they showed different degrees of functional μ receptor turnover in electrophysiological assays (see above). Under control conditions, abundant μ receptor-immunopositive structures were found within the neuronal somata of TH-containing neurons (i.e. the cytoplasm), as well as associated with the external surface of the neuron (i.e. the cell membrane) (control in Figure 6 ). Immediately after β-FNA, there was a marked depletion of μ receptor immunoreactivity in the cell membrane of TH-containing neurons, but μ receptor-immunoreactive Table 2 Kinetic parameters of functional turnover for the recovery of ME (3.2 μM, 1 min)-induced inhibitory effect after different exposure times to β-FNA (300 nM, 15-60 min) and disappearance rate constants of ME effect, t ½ 0 is the t 1/2 of ME effect and E ss is the maximal recovery of ME effect at steady state.
*P < 0.05, when compared with β-FNA (15 min) by a one-way ANOVA followed by a post hoc Bonferroni's multiple comparison test.
BJP M C Medrano et al.
puncta were still observed within the cytoplasm (t 15 = 0 in Figure 6 ). In contrast, after 45 min of β-FNA washout, μ receptor immunoreactivity was identified only in close association with the cell membrane of TH-containing neurons, but not within the cytoplasm (t 15 = 45 in Figure 6 ). Finally, immediately after β-FNA (300 nM, 60 min), no immunoreactivity for the μ receptor was detected in any compartment of TH-containing neurons (t 60 = 0 in Figure 6 ). Therefore, μ receptor expression on the cell membrane vanishes immediately after a short (15 min) exposure to β-FNA but reappears after 45 min of β-FNA washout. The fact that cytoplasmic μ receptor expression follows the opposite pattern to membrane expression (i.e. almost unchanged after a short exposure to β-FNA, but largely reduced after β-FNA washout) indicates that recovery of new functional receptors during washout may occur at the expense of μ receptor recycling from a cytoplasmic pool. A β-FNA perfusion longer than the t ½ 0 (45 min) depletes both cytoplasmic and cell surface μ receptors by removing the trafficking mechanisms from the cytoplasmic compartment.
Discussion
The present work was undertaken to characterize the functional turnover of μ receptors in noradrenergic neurons of the rat brain in vitro. For this purpose, we evaluated the inhibitory effect of the opioid agonist ME on the FR of LC neurons before and after complete μ receptor inactivation with β-FNA. ME was used to obtain a functional index of μ receptors in the LC, as its effect is mediated almost exclusively by μ receptors and it washes out very rapidly even at high concentrations
Figure 4
Recovery of the inhibitory effect of ME (3.2 μM, 1 min) following two successive administrations of β-FNA (300 nM, 15 min). (A) Symbols represent the mean ± SEM of the percentage of ME-induced inhibitory effect. The horizontal axis represents the time after the end of β-FNA (300 nM, 15 min) application, whereas the vertical axis indicates the inhibitory effect of ME (3.2 μM, 1 min) expressed as a percentage of its initial FR. The lines of the figure represent the theoretical curve constructed from the average of the recovery kinetic parameters that define the functional turnover of μ receptors. Note that the recovery of the inhibitory effects of ME after the first β-FNA application is significantly higher than that of the inhibitory effects of ME achieved after the second antagonist perfusion (n = 5; *P < 0.05; Student's paired t-test). (B) Representative example of FR recording of LC neuron showing the recovery of the inhibitory effect of ME (3.2 μM, 1 min) after two successive administrations of β-FNA (300 nM, 15 min). Vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. Note that the inhibitory effect of ME is almost blocked 15 min after both β-FNA administrations. The inhibitory effect of ME completely recovers to the control effect within 120 min after the first β-FNA administration but not after the second β-FNA application.
Figure 5
Intracellular mechanisms of the functional turnover of μ receptors. (A) Bar histograms show the mean ± SEM of the percentage of ME-induced effect immediately (t 15 = 0) and 45 min after 15 min (t 15 = 45) of β-FNA (300 nM, 15 min) perfusion in different experimental conditions: control (n = 6), in the presence of low-calcium aCSF (n = 6), during neuronal inhibition by NA (100 μM) (n = 6), at low temperature (n = 5) or during trafficking inhibition by brefeldin A (10 μM) (n = 5). *P < 0.05, compared with the corresponding control by a one-way ANOVA followed by Bonferroni's post hoc test. (B) Representative examples of FR recordings of five LC neurons showing the recovery of ME (3.2 μM, 1 min)-induced inhibitory effect 45 min after β-FNA (300 nM, 15 min) application in different experimental conditions. Vertical lines represent the number of spikes recorded every 10 s and the horizontal bars the period of drug application. Note that the inhibitory effect of ME recovers 45 min after β-FNA administration only in the control group.
Figure 6
Confocal laser scanning microscopy imaging of μ receptor-immunoreactivity (ir) in the LC before and after β-FNA perfusion. In the absence of β-FNA (control condition, cont), μ receptor-ir (white) is identified as patches distributed both in the cytoplasm (double arrow) and in association with the plasma membrane (single arrow) in TH-containing neurons (grey). Immediately after treatment with ß-FNA (300 nM, 15 min, t 15 = 0), μ receptor-ir is markedly depleted from the neuronal membrane, but μ receptor-immunoreactive puncta are still observed within the cytoplasm (double arrow). Forty five min later (t 15 = 45), the μ receptor is present again in the cell membrane (single arrow). Immediately after ß-FNA (300 nM, 60 min, t 60 = 0) application, μ receptor-ir is not detected in the cell membrane or the cytoplasmic compartment. All images displayed were acquired with identical laser intensity and detector gain parameters. (Williams and North, 1984) . β-FNA is an alkylating derivative of naltrexone that has been well characterized as an irreversible and selective μ receptor antagonist in the brain (Portoghese et al., 1980; Ward et al., 1985; Chen et al., 1996) . Accordingly, we found a near-maximal and insurmountable inactivation of ME's effect immediately after β-FNA (300 or 800 nM). However, a rapid and efficient recovery of ME's effect was observed during the 5 h of β-FNA washout. The time course of functional recovery was analysed by an exponential function (equation 1; Mauger et al., 1982) to calculate the kinetic parameters defining μ receptor turnover for ME effect. We have previously reported the advantages of this strategy for other receptors in the LC (Pineda et al., 1997) .
Analysis of the steady-state recovery revealed that, 5 h after μ receptor inactivation, LC neurons spontaneously recover a significant fraction of the control response (E ss = 62%). Indeed, μ receptor function recovered very rapidly, as a 50% of ME effect was restored within less than 30 min of β-FNA washout (t 1/2 0 = 22 min). As predicted by Mauger et al. (1982) , we obtained equivalent estimates of E ss and t 1/2 0 irrespective of whether they were calculated with 300 or 800 nM of β-FNA, which indicates that the recovery of μ receptor function is secondary to reappearance of new receptors rather than to dissociation of β-FNA from μ receptor. In experiments in which the recovery of ME effect was monitored for longer than 5 h, we observed a nearly complete recovery of ME effect during longer β-FNA washouts (t 30 = 10 and 15 h, recovery = 95.0 ± 2.2 and 97.8 ± 1.2%, respectively; n = 5; data not shown). This suggests that μ receptor turnover follows a double-phase model: a fast recovery of ME effect during the first h and a late recovery of the remaining ME effect within 15 h. In contrast, functional recovery of α 2 -adrenoceptors, as herein measured by the full agonist NA after receptor inactivation with the alkylating agent EEDQ, was much slower and less efficacious than that of μ receptors, despite the fact that both inhibitory receptors are similarly coupled to Gi/o proteins in the LC (Aghajanian and Wang, 1987) . EEDQ has been shown to inactive α 2 -adrenoceptors and, to a lesser extent, α 1 -adrenoceptors (Meller et al., 1988) , which are both present in the LC (Nörenberg et al., 1997; Osborne et al., 2002) . However, the inhibitory effect of NA on the firing of LC neurons is almost exclusively mediated by somadendritic α 2 -adrenoceptors (majorly of the α 2A -subtype), so that α 1 -adrenoceptor antagonists fail to affect NA-induced inhibition (Nörenberg et al., 1997) . Therefore, our results on α 2 -adrenoceptors opposing those of μ receptor turnover are consistent with a slower turnover rate of α 2A -adrenoceptors (t 1/2 > 5 h). Likewise, slow turnover rates and long half-lives for recovery of α 2A -adrenoceptors have been found by electrophysiological recordings of LC neurons in vivo (t 1/2 0 = 14 h; Pineda et al., 1997) and also by binding techniques in other areas of the rat brain (t 1/2 > 50 h; Barturen and Garcia-Sevilla, 1992) . Interestingly, immunocytochemical staining techniques in culture cells have demonstrated that most of the cellular α 2A -adrenoceptors are localized in the plasma membrane after insertion directly from the biosynthetic pathway (Daunt et al., 1997) . The observation that only a small amount of α 2A -adrenoceptors undergoes trafficking from an intracellular pool diverges from the relevance of this mechanism proposed herein for μ receptors (see below) and may underlie the differential turnover rates of both inhibitory receptors.
To study the parameters defining the turnover of the receptor itself, we calculated the percentage of functionally active μ receptors at each β-FNA post-application time and then fitted the time course for receptor recovery to an exponential function (equation 4). This analysis revealed that turnover of the receptor is less efficient (R ss < E ss ) and slower (t 1/2 > t 1/2 0 ) than turnover of μ receptor-mediated effect, which could be explained by the presence of spare receptors for ME's effect in LC neurons (K E = 2.89%). In agreement, substantial fractions of spare receptors for different μ receptor agonists have been shown in the LC (Williams and North, 1984) . A dichotomy between receptor and functional turnovers for μ receptors has been also reported for heroin after inactivation with β-FNA in vivo (Martin et al., 1995 (Martin et al., , 1998 .
Analysis of receptor turnover should yield the same parameter values regardless of the pre-exposure time of the irreversible antagonist, provided that the degree of receptor inactivation is equivalent at the beginning of the experiment. Unexpectedly, we found that the longer the duration of β-FNA pre-administration, the less efficient the recovery of ME effect became (recovery: 84% vs. 31%, after 15 and 45 min of β-FNA respectively). Longer β-FNA administrations were accompanied by marked reductions in the reappearance rate (r 0 ) and E ss values, but not in the disappearance rate (k 0 ). This dependency of μ receptor turnover on β-FNA preexposure cannot be explained by different dissociation rates (k off ) of μ receptors, since receptor alkylation by β-FNA is irreversible (see above). Alternatively, we may consider the presence of a constitutive recycling of μ receptors into the cell membrane by trafficking from a neuronal cytoplasmic pool (functionally named as 'endosome'; Nagi and Piñeyro, 2011) . Thus, the longer the pre-exposure time to β-FNA, the greater the choice of endosomal receptors continuously moving into the membrane to be blocked and depleted by β-FNA and thereby the lesser the efficiency of maximal μ receptor recovery. We supported this hypothesis by evaluating the recovery of opioid effect after two consecutive β-FNA administrations in the same cell. Thus, the steady-state recovery of ME effect (E ss ) was reduced from 85.9 (after the first administration) to 27.1% (after the second exposure). This indicates that μ receptor turnover is partially lost and, hence, functional recovery is less efficient when the challenge to receptor blockade is repeated in the same cell, as if the reappearance of new functional μ receptor was disturbed by depletion of the endosomal receptors. Double immunocytochemistry experiments showed that control μ receptor staining was expressed on the cell surface and in the cytoplasm of TH-containing neurons. The immunostaining of μ receptors vanished from the membrane (but not from the cytoplasm) immediately after a short β-FNA administration (15 min), while it reappeared again in the membrane after 45 min of β-FNA washout at the expense of a depletion of cytoplasmic μ receptors. Finally, μ receptor immunoreactivity was depleted in both compartments after a longer exposure (60 min) to β-FNA. Taken together, electrophysiological and immunocytochemical findings suggest that μ receptor turnover may depend on a constitutive trafficking of receptors to the cell membrane from a readily accessible and depletable cytoplasmic pool (Ferguson, 2001 ). Likewise, a substantial fraction of dendritic AMPA receptors (7%) is maintained in an intracellular pool where they are available for ongoing receptor trafficking or rapid synaptic recruitment (Shi et al., 1999) . Similar trafficking processes have been reported for GABA A and GABA B receptors (Lüscher, 2002) .
To explore the possible mechanisms underlying μ receptor turnover in the LC, we evaluated the recovery of ME's effect from μ receptor inactivation under different experimental conditions that affect the trafficking of synaptic particles. Thus, the recovery of opioid effect 45 min after μ receptor inactivation was strongly reduced when calciumdependent processes were blunted by a low-calcium aCSF or LC neurons were inhibited by the α 2 -adrenoceptor agonist NA. Low-calcium conditions have been shown to block vesicle trafficking (Hay, 2007) . A reduction in discharging activity by α 2 -adrenoceptor activation in the LC (Pineda et al., 1996b) should attenuate the spike-dependent component of receptor trafficking, as proposed for AMPA receptors (Lledo et al., 1998) . Moreover, the recovery of opioid effect from μ receptor inactivation was markedly attenuated when the experimental temperature was lowered to 22°C or the protein transport inhibitor brefeldin A (10 μM) was administered. Lowering the experimental temperature (~20°C) has been shown to stop trafficking of lumenal proteins to the membrane by blocking lipid mobilization (Simon et al., 1996; Park et al., 2011) . Brefeldin A is a macrocyclic transport inhibitor that has been used to slow down vacuolar protein trafficking in the endomembrane system of eukaryotic cells (Law et al., 2000; Nebenführ et al., 2002) . Therefore, these findings suggest that μ receptor turnover in the LC is a fast and highly efficient ongoing process that depends on calcium-and spike-dependent mechanisms and also on the level of protein vesicle trafficking. We hypothesize that functional turnover may share key mechanisms with those of neurotransmitter release in nerve terminals (Neher, 1998; Gaffield and Betz, 2007) .
In conclusion, our study shows a constitutive, rapid and efficient turnover of opioid effect after μ receptor inactivation with β-FNA in the LC. Functional μ receptor turnover appears to be blunted by prolonged or repeated challenges to β-FNA inactivation in the same cell. Double immunocytochemistry experiments confirmed that μ receptor staining localized in the cytoplasm of TH-containing cell bodies rapidly moves to the cell membrane during β-FNA washout. Finally, μ receptor turnover was slowed down by different procedures restraining vesicular protein trafficking, and consequently, it may be explained by constitutive trafficking of μ receptors from an accessible and depletable cytoplasmic pool (endosome) of receptors to the membrane of LC neurons. In the VTA, μ receptor trafficking contributes to the induction of synaptic plasticity during opiate withdrawal (Madhavan et al., 2010; Dacher and Nugent, 2011) . In the LC, trafficking of μ receptors is required for resensitization of opioid responses and an impairment of this process contributes to morphine tolerance. A better understanding of how opioids regulate μ receptor turnover and trafficking would facilitate the comprehension of opioid plasticity and tolerance. Moreover, descendant pathways arising from the LC exert a potent supraspinal control of pain transmission (West et al., 1993; Hickey et al., 2014) . Since μ receptor activation in the LC contributes to the analgesic effects of opioid agonists (Pertovaara, 2006; Jongeling et al., 2009) , we consider that our findings may help to improve the pharmacotherapy of clinical pain.
